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A low-pressure plasma-liquid system with secondary discharge was investigated by optical and probes techniques.
Emission spectra at the different cross-sections of plasma-liquid reactor were analyzed and the electronic excitation
temperature was determined. The voltage jump near the plasma-liquid boundary was observed and possibility of
varying of its value by changing the voltage on the secondary discharge was shown.
PACS: 52, 52.80.Wq
1. INTRODUCTION
 Plasma is known to be chemical active medium with
high concentrations of reactive components. However, the
price for such high activity of plasma is multi-channel
passing of chemical reactions and weak control of this
process. It was generally supposed that the main way to
increase a selectivity of plasma-chemical transformations
is transferring from thermal to non-equilibrium plasma.
However, gas-discharge sources of non-equilibrium
plasma can guarantee only plasma non-isothermality
(when the temperature of electrons differs from
characteristic temperatures of heavy particles) under
average electron’s energy lower than energies
corresponding to the maximum of the cross-sections of
excitation for inelastic processes. Furthermore, the
electron temperature varies in the narrow range even
under considerable changes of external parameters of the
gas discharge (current, voltage) due to the exponential
dependence of the ionization rate on the electron’s
temperature. The last remark is pertinent to the volume of
plasma, but not to the region of plasma-liquid or plasma-
solid contact. That is why the two-phase gas-liquid
plasma systems with one or two electrodes immersed into
the liquid are of great interest today [1-3].
 The main peculiarity of plasma-liquid systems is an
intensive molecule’s flow emitted from the free liquid
surface into the discharge volume due to both the solution
evaporation and the formation of gaseous plasma-
chemical products. Low-pressure conditions for plasma-
liquid system provide an effective contact of plasma with
liquid surface. To maintain pressure inside system almost
constant the volume of plasma-chemical reactor was
continuous pumped. However discharge burning under
pressures ~10 Torr (corresponds to the right (ascending)
branch of the Paschen’s curve) and presence of negative
ions in plasma-liquid systems with gaseous discharge
promote development of overheating plasma instability
both [4]. It is clear that development of instabilities in
such system in no case can promote solving the selectivity
problem. Using of auxiliary discharge inhibits
development of the ionization instability in plasma of the
secondary discharge, provides high uniformity of
parameters on the plasma-liquid boundary and increases a
number of external parameters of influencing on the
plasma-liquid interaction in real plasmachemical process.
Therefore, the secondary discharge with one “liquid”
electrode supported by means of plasma flow of the
auxiliary discharge is of great interest today [5-7].
2. EXPERIMENT
The scheme of low-pressure plasma-liquid system with
secondary discharge is shown on Fig.1.
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Fig.1. Schema of low-pressure plasma-liquid system.
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It consists of the cylindrical quartz chamber 1 (of
80-mm diameter and 160 mm of height) partially filled by
liquid; source of the auxiliary discharge (coaxial-end
discharger with stainless steal anode 2, hollow cathode 3
and glass tube 4, which separates anode and cathode);
funnel-shaped stainless steal electrode 5 (with diameter of
cone base ~ 6 cm). Such construction of the electrode
decreases instability of liquid surface caused by gaseous
products of electrolysis occurring on this electrode.
Exhaustion of the chamber was made by mechanical
vacuum pump, pressure inside system was measured by
vacuum meter 6.
 The voltage for the secondary discharge Ud was
applied between the metallic electrode 5 immersed into a
liquid and anode 2 of the auxiliary discharge (DC2 on
Fig.1). The auxiliary discharge was powered by DC1
source (Is, Us- current and voltage on the auxiliary
discharge correspondingly).
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Distilled water and NaOH solutions (with different
concentrations 0,001-0,1 mol/l) were used as working
liquids. The distance between anode of the coaxial-end
discharger and liquid surface did not exceed 20 mm,
while the height of the liquid column above the electrode
5 was ~ 15 mm. The probe technique was used to measure
the axial distributions of the floating potential in the
plasma-liquid system. The molybdenic probe 8 (diameter
~ 300mm, length ~ 1mm) was connected via the divider
(4´107W/  2´104W) directly to the oscilloscope 9 (Fig.1).
The probe was moving along to the axis of the chamber.
Method of optical emission spectroscopy (OES) was
applied for optical diagnostics. The emission spectra of
plasma were observed in the range of wavelength
220-1100 nm (with spectral resolution 0.3 nm) by CCD-
based multi-channel UV-VIS-NIR optical spectra
analyzer (MOSA).
3. RESULTS AND DISCUSSION
After degassing of the liquid, the auxiliary and the
secondary discharges were switched on. The both modes
(different polarities of the immersed into the liquid
electrode: negative -"liquid" cathode, and positive -
"liquid" anode) were investigated. It was observed that
plasma column 7 of the secondary discharge (Fig.1) has a
truncated cone-shape with extension at the liquid surface.
Current-voltage characteristic (VAC) of the secondary
discharge in plasma-liquid system was measured. The
VAC is given on Fig.2.
Fig.2. VAC of the secondary discharge in plasma-liquid
system (pressure is ~15 Torr, Is=200 mA, Us=450 V)
 From Fig.2 can be seen, that VAC of the secondary
discharge in plasma-liquid system consists of several
typical zones: positive exponential branch and negative
branch, which contains the line section and the range
corresponding to the abrupt exponential current
increasing. It was shown that its behavior is similar to
usual current-voltage curves of the Langmuir probe in the
range of low currents, while in the range of large currents
investigated VAC has a sharp growth character, as for the
secondary gas discharge in strong electric fields [4].
The axial distributions of the potential on the
secondary discharge in plasma-liquid system with a liquid
electrode are represented on Fig.3.
The voltage jump near liquid surface was observed.
Such voltage increasing at the plasma-liquid contact can
be interpreted as result of conductivity decreasing of
plasma near the liquid surface due to the high
concentration of negative ions at that region [6].
Fig.3. Axial distribution of floating potential in plasma-
liquid system with NaOH solution (concentration 0,01
mol×l-1, pressure ~ 10 Torr, Is=200 mA, Us=450 V).
plasma liquid
At the same time, the potential jump near plasma-liquid
boundary can be associated with the basic peculiarity of
the potential distribution surround electrode immersed
into the plasma. The behaviour of VAC of the secondary
discharge at the range of low currents, which is similar to
the VAC of the Langmuir probe, justifies this conclusion.
From Fig.3 seen, that it is possible to vary the voltage
jump value by changing the secondary discharge voltage.
It was shown that its amplitude is proportional to the
voltage on the secondary discharge (Fig.4).
Fig.4. Dependence of the potential jump DU on the
voltage on the secondary discharge Ud.
(Pressure ~15 Torr, Is=200 mA, Us=450 V).
Thus, the analogues between low-pressure plasma-
liquid system with secondary discharge system and single
probe were revealed. The existence of voltage jump near
liquid surface (as near a single probe) lets to consider the
liquid surface as electrode, immersed into the plasma, and
to claim that the main reason of its appearance is
shielding of the liquid surface by the spatial charge of the
corresponding polarity.
The optical diagnostics of low-pressure plasma-liquid
system with the secondary discharge has shown that the
most intensive spectral lines and bands in emission
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spectra (obtained after degassing of the system) belong to
hydrogen H (H? 656.3 nm, H? 486.1 nm, H? 434.0 nm),
oxygen O (777.3, 844.6, and 926.0 nm) and hydroxyl OH
(0,0-band at 306-309 nm). Fast response of used MOSA
(min exposure time ~7 ms) allowed to explore temporary
changes of emission H lines and OH bands intensities
during the discharge burning within the time t= 1-30 min.
It was found that the intensity of Ha line is higher near
liquid surface than at the 5 mm distance from anode 2
(Fig.1). It is almost constant during plasma treatment in
the case of “liquid” anode and rapidly decreases with
increasing t in the case of “liquid” cathode at the section
near the source of the auxiliary discharge. The electronic
excitation temperature Te* was determined from the
relative intensities Il of Ha, Hb lines. It was found that Te*
values and its distributions in time differ for different
sections of the plasma-liquid system. After t=15 min of
plasma treatment Te*~0,8 eV (at the section 3-5 mm above
the liquid surface) and Te*~0,5 eV (5 mm below anode 2
Fig.1) correspondingly [7].
4. CONCLUSIONS
· The VAC of the secondary discharge with a liquid
electrode (namely its exponential positive and linear
area of the negative branches) is similar to VAC of
Langmuir probe.
· The nature of the potential jump near plasma-liquid
contact deals with spatial charge shielding of the
electrode of the secondary discharge immersed into the
plasma flow of the auxiliary discharge. The possibility
of varying its value by changing of the voltage on the
secondary discharge was shown.
· The electronic excitation temperature Te* of H atoms
was determined. The behavior of the Ha line intensity
over the time of plasma treatment was shown to be
different near the liquid surface and near the source of
the auxiliary discharge.
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